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Evidence supporting a role for KCl cotransporter in the thick The KCl cotransporter has long been described in
ascending limb of Henle’s loop. erythrocytes, where it plays an important role in some
Background. A basolateral Ba2-sensitive KCl cotransporter pathophysiological conditions and in controlling cell vol-has previously been proposed as participating in basolateral
ume and K content in response to osmotic stress [1–4].K recycling and transepithelial NaCl reabsorption in the thick
The KCl cotransporter also has been documented inascending limb of Henle’s loop (TAL). The aim of the present
study was to answer the question as to whether this cotrans- numerous other cell types [5–9], where it is involved in
porter plays a role in transepithelial K reabsorption and whe- cellular volume regulation [10]. The cotransport involves
ther dietary Mg2 deficiency, known to regulate the KCl cotrans- one-for-one electroneutral movement of K and Clporter in erythrocytes, also regulates KCl transport in the TAL.
[11, 12], and in all mammalian cells described so farMethods. The effects of a low-Mg2 diet were investigated on
the net direction of the cotransport is outward. A KClurinary and plasma K concentration in control mice and Mg2-
deficient mice. Transepithelial Na, Cl and K net fluxes (JNa, cotransporter also has been reported in secretory and
JCl, JK), determined in isolated perfused TALs with electron absorptive epithelia where, besides its eventual role in
probe analysis or cation-exchange high-performance liquid chro-
regulating cell volume, it may participate in net transepi-matography (HPLC) and electrophysiological parameters (Vte,
thelial electrolyte transport [8, 9, 13–15].Rte), were measured in both animal groups. Expression of tran-
scripts for the KCl cotransporter and its possible regulation by Classically, regulation of the KCl cotransporter in-
low-Mg2 were studied by RT-PCR in microdissected mouse volves its activation by dephosphorylation [16] and low
cortical TAL (CTAL) and medullary TAL (MTAL) segments. intracellular Mg2 concentrations [17] and its inhibition
Results. In isolated perfused CTALs, basolateral Ba2 and
by cellular acidification [17, 18].amiloride induced a large K net secretion towards the tubular
Recently, microperfusion experiments performed in ourlumen, paralleled by a 50% decrease in transepithelial NaCl
reabsorption. KCC1 transcripts were found in the mouse laboratory suggested that a KCl cotransporter is func-
CTAL and MTAL. A low-Mg2 diet led to diminished urinary tionally present in the basolateral membrane of the thick
K excretion, lowered plasma K concentration and up-regula- ascending limb of Henle’s loop (TAL) [19] and that thistion of KCC1 transcripts in the TAL. For low-Mg2 diet, this
transporter is inhibited by Ba2. Recent cloning of theupregulation was associated with increased transepithelial K
KCC1 transporter in human and mouse erythroid cellsreabsorption in the in vitro-perfused CTAL.
Conclusions: Our study provides evidence that the KCl co- [20, 21] allowed us to search for KCC1 transcripts in
transporter, which is functionally expressed in the TAL, plays mouse TAL cells and to study the regulation of KCC1
an important role in transepithelial K reabsorption. Direct by environmental factors. The present study comprised ainhibition of this transporter by Ba2 and its indirect inhibition
search for the presence of transcripts of the KCl cotrans-by amiloride lead to a strong transepithelial K secretion and
porter (KCC1) in the mouse TAL and its physiologicaldiminished NaCl reabsorption in the TAL. Up-regulation of
KCC1 mRNA by dietary Mg2 restriction is associated with an regulation by a low-Mg2 diet. Furthermore, we investi-
increased K reabsorption in the in vitro perfused CTAL. gated the role of this transporter in the transepithelial
reabsorption of Na, Cl and K in isolated perfused
mouse cortical TAL (CTAL) segments. Recently, Mount
et al have cloned another isoform of KCC1 from the
mouse kidney, named mKCC4 [22]. {The mKCC isoform
cloned by Mount et al was referenced as mKCC3, andKey words: microperfusion, kidney, RT-PCR, hypokalemia, KCC1,
osmotic stress, cell volume regulation. this isoform is identical to the mKCC4 isoform cloned
by Mercado et al [23]. Our present article adopts theReceived for publication June 1, 2000
nomenclature of Mercado et al (mKCC4), which hasand in revised form June 12, 2001
Accepted for publication June 15, 2001 been approved by Mount et al.} We have not specifically
adressed the question whether this isoform is also up- 2001 by the International Society of Nephrology
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regulated by low-Mg2 diet. In injected oocytes, how- were taken for inhibitor and physiological regulation
studies (regulation of transepithelial K transport in iso-ever, KCC4 has a similar pharmacological profile when
compared to KCC1, that is, inhibition by DIOA and lated perfused tubules by a Mg2-deficient diet), since a
recent study in our laboratory had shown that divalentBa2 [23]. The conclusions drawn for KCC1 might there-
fore be extended to KCC4. cation transport in the CTAL was only up-regulated by
a low-Mg2 diet in kidneys from mature (adult) animalsOur results show that the basolateral KCl cotrans-
porter in the TAL is closely associated with K transfer [25]. For inhibitor studies, the mice were fed the control
diet. To study the effect of a low-Mg2 diet on transepi-between the apical and basolateral membrane. Up-regu-
lation of KCC1 by dietary Mg2 restriction is associated thelial K transport in the TAL, the mice were fed either
with the control diet or the Mg2-deficient diet for twowith increased transepithelial K reabsorption in the
CTAL. On the other hand, inhibition of the KCl cotrans- days. Two days of diet were chosen because plasma and
urinary K concentrations were maximally decreasedporter results in large K secretion towards the tubular
lumen and a diminished transepithelial NaCl reabsorp- after this period of time (see Results section). The tu-
bules, dissected from kidneys of either control mice ortion.
Mg2-depleted mice, were then perfused in vitro. The
concentrations of Na, Cl, K, phosphorus and sulphur
METHODS
(mmol/L) in the perfused solutions and the collected
Determination of urine and plasma K concentrations tubular fluids were measured by electron probe analysis
from control mice and mice subjected to a as previously described [24]. Briefly, tubular fluid was
low-Mg2 diet collected as follows: each experimental period of 30 min-
utes was divided into three collection periods of 10 min-In vivo experiments were performed on 8-week-old
female Swiss mice obtained from IFFA-CREDO (Lyon, utes, and at the end of each collection the fluid was
drawn into a siliconized pipette, the collected samplesFrance). Animals were fed either a control diet (UAR
France; 0.17 g Mg, 0.84 g Ca, 0.75 g K, 0.30 g Na, 0.78 being separated from each other by water-saturated oil
columns. The net flux values obtained for each elementg/100 g P) or a Mg2-deficient diet for 1, 2, 3 or 4 days
before experimentation. The Mg2-deficient diet was (Na, K, Cl) during these 10-minute periods were
averaged. The collection rate (nL/min) was evaluatedsimilar to the control diet except that the mean Mg2
concentration was 0.003 0.001 g/100 g. Blood and urine by measuring the collected volume with a constriction
pipette and dividing this volume by the collection time.samples were taken from these animals 1, 2, 3 or 4 days
after the animals had been put on their diet. Free access Since the mouse TAL is almost impermeable to water,
absolute rates of Na, Cl and K net transport (Jx,to distilled water was allowed until anesthesia. Mice were
anesthetized by intraperitonal injection of 10 mg/100 g pmol/min · mm) were calculated as: Jx V(Cp Cc)/L,
where V is the collection rate (nL/min), C is the concen-body mass sodium 5-ethyl-(1methyl-propyl)-2-thiobar-
biturate (Inactin-Byk, Gulden, Konstanz, Germany). tration (mmol/L) of the element X in the perfused (p)
and collected (c) fluid, and L is the length (mm) of theUrine samples were directly collected from the bladder.
Samples of arterial blood were removed with a heparin- perfused tubule. Positive net flux values indicate net
absorption, negative ones net secretion.ized PE50 catheter from the abdominal aorta and centri-
fuged at 3000  g/min for five minutes to separate Measurements of transepithelial ion net fluxes with high-
pressure liquid chromatography. Since a functional elec-plasma. The plasma and urine samples were then ana-
lyzed for K and creatinine content with a Hitachi 911 tron microprobe is no longer available in our laboratory,
a new approach to measure ion concentrations in nanoli-spectrometer (Boehringer Mannheim, Mannheim, Ger-
many) using the Jaffe´ reaction (Boehringer) for creati- ters of tubular fluid was developed. This method, which
utilizes a commercial high-pressure liquid chromatogra-nine and an ion-selective electrode for the determination
of K. phy (HPLC) apparatus (Dionex DX-500, Dionex Corp.,
Voisins le Bretonneux, France), was combined with the
Measurements of transepithelial ion net fluxes and microperfusion technique and allows the determination
electrophysiological parameters in perfused isolated of Na, K, Ca2 and Mg2 in at least 8 nL of tubular
mouse CTALs in vitro fluid. This technique was employed to perform the experi-
ments with 10 mmol/L barium, basolateral furosemide,Measurements of transepithelial ion net fluxes with elec-
tron probe analysis. Transepithelial net flux measure- DIOA and H74.
(a) HPLC system. The Dionex DX-500 system con-ments of Na, Cl and K were carried out on isolated
perfused mouse CTAL segments. Tubules were dissec- sisted of an AS50 autosampler (minimal injection volume
1 L, maximal injection volume 200 L), a GP50 gra-ted from kidneys of 8-week-old, female Swiss mice
(IFFA CREDO, Lyon, France) and perfused in vitro as dient pump and an ED40 electrochemical detector, and
was connected to a Pentium computer loaded with ausual in our laboratory [24]. Kidneys of 8-week-old mice
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chromatography software program (PeakNet 4.5 chroma- into consideration for microperfusion studies for three
reasons: (1) when their transepithelial potential differ-tography workstation). For detection, the pulsed electro-
chemical detector was set up to measure conductivity. ence (Vte) was less than 16 mV at the beginning of the
experiment and when in the recovery period (controlThe signal-to-noise ratio of the conductivity measure-
ment was greatly enhanced by employing a cation self- period following the experimental one) Vte was lower
than 14 mV (an exception was made for experimentsregenerating suppressor (CSRS-ultra; 4 mm) that was set
in the autosuppression recycle mode. The HPLC column with DIOA and H74, where no recovery could be ob-
tained); (2) when the tubules appeared damaged underused in this study was a Dionex IonPac CS12 column
(4  250 mm), equipped with a guard column (CG12A, microscopical observation; and (3) if the collected tubu-
lar fluid was contaminated with bath solution. A 10% de-4  50 mm).
(b) Isocratic elution. Cation determination was per- crease in the phosphorus content (present only as phos-
phate in the tubular fluid), paralleled by a simultaneousformed under isocratic conditions, with 9 mmol/L sulfu-
ric acid (H2SO4) as the eluant. A single run of 10 minutes increase in the sulphur content (present only as HEPES,
buffering the bath solution) was taken as criterium toallowed the resolution of Na and K. The eluant was
sparged with purified helium gas prior to use, and the discard contaminated tubules.
In the present study more than 90% of the perfusedbackpressure for the operating system was about 1400
psi. The flow rate was set at 1.2 mL/min. A 50 L sample tubules were taken into account.
injection loop was used for all runs and 30 L of diluted
Measurements of intracellular pHtubular fluid (dilution 6250 times) or calibration standard
were injected automatically in the partial loop LS (lim- Intracellular pH (pHi) was monitored using the fluores-
cent probe 2,7-biscarboxyethyl-5(6)-carboxyfluoresceinited sample) mode (cut volume 0 L).
(c) Sample preparation. Tubular fluid was collected (BCECF) and an inverted fluorescence microscope equi-
ped with a fast-turning excitation filter wheel and a pho-as described for measurements with the electron micro-
probe (detailed in the prior section) and then diluted ton-counting unit, as described previously [26]. After a
CTAL segment was mounted on the pipettes, a rectangu-6250 times with deionized water of less than 18 mega-
ohm-cm resistance. Dilution was performed as follows: lar diaphragm was adjusted over a 0.2 to 0.3 mm length
of the tubule and background fluorescence was measured.8 nL of tubular fluid were placed in 5 L of deionized
water with a calibrated pipette, and stored under water- The tubules were then loaded at room temperature for
15 minutes with the lipophilic BCECF/AM (1 mol/L),saturated oil. These 5 L were then taken with another
calibrated pipette and injected into 45 L of deionized and pluronic F127 (2 mol/L) was added to improve the
dye loading. Then, the loading solution was washed outwater already present in a Dionex 0.3 mL microvial. The
diluted sample was then vortexed before measuring. For by rinsing the tubule with a dye-free bath solution, and
the tubule was equilibrated at 37C for 15 minutes beforeeach tubular sample, Na and K concentrations were
measured three times and the results were pooled, if the experimental measurements. During measurements
of pHi the tubules were permanently superfused at a ratethey were not too scattered. Otherwise, a new measure-
ment on the same tubular sample was performed. Detec- of 10 to 15 mL/min, corresponding to a bath exchange
rate of 20 to 30 times/min. The emission signal was col-tion limits of 10 pmol per injection were achieved for
Na and 2.4 pmol per injection for K. lected at a time resolution of 10 Hz. BCECF was excited
at 436 nm and 488 nm and the emission was recorded(d) Quantification of tubular Na and K content. Na
and K concentrations in tubular fluid were measured between 515 and 565 nm. All optical filters and dichroic
mirrors were from Delta Light and Optics (Lyngby, Den-by comparison to the calibration curves prepared with
known quantities of standards. Calibration curves pre- mark). After subtraction of the noise signal and autoflu-
orescence, the average of ten 488 nm measurements waspared for Na and K were constructed by plotting peak
area versus various amounts of Na and K (PeakNet divided by the average of ten 436 nm measurements
to obtain the fluorescence excitation ratio that is pH-4.5 software). The calibration curves were linear with cor-
relation coefficients between 0.983 and 0.992. The concen- dependent [27]. To calibrate the 488/436 signal ratio in
pH units, tubules were perfused and bathed at the endtrations of Na and K were determined automatically by
interpolation of integrated peak areas against the calibra- of an experiment with nigericin (105 mol/L) and high
K buffer solutions (140 mmol/L) of different pH valuestion curve (PeakNet 4.5 software).
Measurements of electrical parameters. The electrical (6.4; 6.8; 7.4; 7.8; 8.2). Under these conditions, pHi pre-
sumably equaled extracellular pH [28]. The obtainedcircuit and the methods for measuring the transepithelial
voltage (Vte) and the transepithelial resistance (Rte) in calibration curves were highly reproducible and almost
linear over a pHi range of 6.4 to 8.2. The results of allisolated perfused TAL segments have been described in
detail elsewhere [9]. calibrations therefore were pooled and used to calculate
mean pHi values  SEM.Criteria for tubule selection. Tubules were not taken
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Reverse transcription-polymerase chain reaction DNA fragments were analyzed by ethidium-bromide
staining after electrophoresis on a 2% agarose slab gelCortical thick ascending limb (CTAL) and medullary
(1% agarose, 1% low melting point agarose). To test forTAL (MTAL) segments were isolated from mouse kid-
the specificity of the chosen oligonucleotides, the ampli-neys (8-week-old female Swiss mice) treated with colla-
fication products from three different RT-PCR reactionsgenase, as described for the rat kidney [29]. Total RNAs
were pooled, digested by the restriction endonucleaseswere extracted from the microdissected segments, using
Pst I and Pvu II (Biolabs, Beverley, MA, USA) anda micromethod [29] adapted from the guanidium thiocy-
fractionated on a 3% agarose gel. For the enzymatic diges-anate-phenol/chloroform method developed by Chomc-
tion, 2 mm total RNAs extracted from mouse CTAL
zynski and Sacchi [30]. The primers for reverse transcrip- segments were used. According to the restriction map,
tion-polymerase chain reaction (RT-PCR) were selected three cDNA fragments of 286 bp, 165 bp and 66 bp were
from the sequence of Mus musculus erythyroid K:Cl expected for Pst I. For Pvu II, three fragments of 341
cotransporter cDNA [20], by using Oligo Primer Analy- bp, 102 bp and 74 bp were expected. To answer the
sis Software (Medprobe, Oslo, Norway). For KCC1, a question as to whether expression of KCC1 transcripts
517 bp cDNA fragment from the coding region was ob- is functionally regulated in the TAL, 8-week-old mice
tained by RT-PCR from total RNAs extracted from were put on a low-Mg2 diet (4 days). Total RNAs were
1 mm and 2 mm of mouse CTAL and MTAL segments then extracted from microdissected CTALs of mice un-
and from 1 g of total kidney. The sense (5-GCG der diet and from CTALs of control mice as described
GGAAGACTCGGACGGAC-3) and antisense (5- above.
GAAGCACAGGCCCACAGCAC-3) primers corre- The level of expression of KCC1 mRNA was assessed
sponded to positions 99-118 and 596-615, respectively, by semi-quantitative RT-PCR. For this purpose, KCC1
from the beginning of the published sequence [20]. The mRNA was co-amplified in the same tube with the mRNA
primers for KCC1 were specific and did not match with of ZO-1, a tight junction-associated protein that was taken
the published sequences for the mouse KCC2 [31] and as the internal standard and whose expression was thought
not to vary with the diet. ZO-1 was chosen to be the inter-the mouse KCC4 [22]. The experimental procedure for
nal standard because in prelimary experiments glyceralde-RT-PCR was similar to that previously developed in our
hyde-3-phosphate dehydrogenase (GAPDH) and beta-laboratory [29]. The following compounds were added
actin were strongly up-regulated by the low-Mg2 dietto a final volume of 25 L, 2.5 L of 10  PCR buffer,
and the amplified fragments of GAPDH and beta-actinRNAs extracted from the microdissected segments and
were too highly expressed as compared to the KCC110 L of the antisense primer mix (2.5 L of 10  PCR
fragment.buffer, 6.5 L of RNAse-free water, 1 L of antisense
The primers for ZO-1 were selected from the publishedprimer at a concentration of 5 pmol/L). The final vol-
sequence of Mus musculus ZO-1 cDNA [32] and twoume of 25 L was adjusted with dilution buffer. After
cDNA fragments of 704 and 464 bp were obtained. Theequilibration at 45C, 25 L of RT mix (2.5 L of 10 
two bands were due to an alternative splicing in the se-PCR buffer, 16 L of a d-NTP mix at 1.25 mmol/L
lected amplified region. The sense (5-CCCCCGGAGTof each 2-deoxynucleotide 5-triphosphate, 1 L of 0.1
CTGCCATTACAC-3) and antisense primers (5-CGAmol/L MgCl2, 4 L of 0.1 mol/L dithiothreitol (DDT) GGTTGGTAGGGCTGTTTGTCA-3) corresponded toand the addition or not of 200 units of Moloney murine
positions 3008-3029 and 3688-3711, respectively, from theleukemia virus (MMLV) reverse transcriptase were
beginning of the published sequence [32]. The amplifica-
added to each tube. Reverse transcription was performed tion reaction was carried out in the presence of 5 Ci
at 45C for 45 minutes. The amplification reaction was [	32P]dCTP (6000 Ci/mmol; Amersham Life Sciences).
carried out in the same tube by adding to each sample The samples were then electrophoresed through a 2%
50 L of a mix containing 5 L of 10  PCR buffer, agarose slab gel. After fixation in acetic acid and drying,
43.75 L of RNAse-free water, 1 L of the sense primer the gel was submitted to autoradiography. The obtained
at a concentration of 5 pmol/L and 0.25 L of Taq bands were analyzed with a PhosphorImager (Molecular
polymerase corresponding to 1.25 units. The samples Dynamics, Evry, France).
were submitted to sequential steps (95C, 30 seconds; To answer the question of whether a low-Mg2 diet
59C, 30 seconds; 72C, 1 minute) during 27 cycles. An could modify the mRNA expression of other proteins
additional cycle was performed with a longer time of involved in NaCl reabsorption in the TAL, we tested for
10 minutes. The presence of possible contaminants was the level of expression of NKCC2 mRNA. As already de-
checked by control RT-PCR reactions carried out on scribed for KCC1, NKCC2 mRNA was coamplified in the
samples in which RNA was excluded (blank) and reverse same tube with ZO-1 mRNA. The primers for NKCC2
transcriptase was omitted from the reverse transcription were selected from the published sequence of Mus mus-
culus NKCC2 cDNA [33] and a cDNA fragment of 537mixture (RT).
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bp was obtained. The sense (5-CCAAGCGCTCCG xymethyl ester (BCECF-AM) was obtained from Molec-
ular Probes (Eugene, OR, USA), prepared as a 5 103TATTATAACCA-3) and antisense primers (5-ACC
AGGGGCCACAGTCACATT C-3) corresponded to mol/L stock in DMSO and diluted into bath solution to
a final concentration of 106 mol/L.position 123-145 and 638-659, respectively, from the be-
ginning of the published sequence [33]. Moloney murine leukemia virus (MMLV) reverse
transcriptase was purchased from Life Technologies (Cergy
Solutions Pontoiso, France) and Taq DNA polymerase from Eu-
robio (Les Ulis, France).For transepithelial ion net flux measurements, mea-
surements of intracellular pHi and measurements of Vte
Statisticsand Rte in isolated perfused TALs, the following solu-
tions were used: lumen (in mmol/L: 150 NaCl, 1.6 The data are given as mean values  SEM (N), where
N refers to the number of tubules (in vitro microper-K2HPO4, 0.4 KH2PO4, 1.0 CaCl2, 1.0 MgCl2); and bath
(in mmol/L: 150 NaCl, 3.6 KCl, 5.0 N-[2-hydroxylethyl] fusion experiments) or animals (in vivo studies). The
ANOVA and Bonferroni multiple comparison tests werepiperazine-N-[2-ethansulfonic acid] (HEPES), 1.0 CaCl2,
1.0 MgCl2, 5.0 d-glucose). The pH of the solutions was used to compare mean values within each experimental
series. The Student unpaired t test was used to compareadjusted to 7.4.
The calibration solution for pHi measurements con- mean values of two experimental series. A P value of

0.05 was accepted to indicate statistical significance.tained in mmol/L: 140 KCl, 5 HEPES, 1 CaCl2, 1 MgCl2,
5 d-glucose. This solution was titrated with 1 N KOH
to pH 7.0 and then adjusted with 1 N Tris to pH values
RESULTS
of 8.2, 7.8 and 7.4 and with 1 N MES to pH values of
Molecular and functional characterization of KCC16.8 and 6.4. Prior to the calibration experiements, nigeri-
cin was diluted into the calibration solutions to a final Identification of a KCC1 mRNA fragment in the mouse
CTAL and MTAL. To confirm the presence of KCC1concentration of 105 mol/L.
The HPLC eluant sulfuric acid (9 mmol/L) was pre- transcripts in the mouse TAL, RT-PCR was performed
on isolated microdissected CTAL and MTAL segmentspared with deionized water of less than18 megaohm-cm.
For the RT-PCR experiments, dilution buffer and 10 and the entire kidney. As shown in Figure 1, a single
PCR product of 517 bp was consistently found to bePCR buffer were prepared as follows: 500 L dilution
buffer contained 480 L RNAse-free water, 5 L of expressed in mouse CTALs, MTALs and the entire kid-
ney. This suggests the presence of mRNA coding for1 mol/L Tris pH 8.3, 5 L of 0.1 mol/L DDT, 5 L of
100  BSA (100 mg/mL), 0.5 L of rRNasin (40 U/L); KCC1 in each of the samples. This observation was made
three times on an agarose gel stained with ethidium bro-10 mL of 10  PCR buffer contained 2 mL 1 mol/L Tris
pH 8.3, 5 mL 1 mol/L KCl, 150 L 1 mol/L MgCl2, 1 mL mide and twice by autoradiography. The specificity of
the oligonucleotide primers was confirmed by enzymaticgelatine at 10 mg/mL, 1.85 mL DNAse-free water.
digestion of the CTAL KCC1 cDNA fragment by the
Chemicals restriction enzymes Pst I and Pvu II.
The amplified CTAL cDNA fragment was then se-All chemicals were of the highest grade of purity avail-
able and were from Sigma Chemical Co. (St-Quentin quenced and found to be identical with the mouse KCC1
sequence [21].Fallavier, France). H74, a selective inhibitor of the KCl
cotransporter, was kindly provided by Drs. H.-J. Lang Involvement of a KCl cotransporter in transepithelial
Na, Cl and K net transport: (a) Effect of various in-and J. Pu¨nter (Aventis Pharma Company, Frankfurt/
Main, Germany). The substance was prepared daily and hibitors of NaCl transport on K net fluxes in isolated per-
fused mouse CTAL segments. Two mechanisms may besince it is a highly lipohilic compound, it had to be dis-
solved in dimethylsulfoxide (DMSO). The final DMSO involved a priori in K’s exit through the basolateral
membrane of the TAL segment: a basolateral K con-concentration was 1 mL/L; in a pilot study we verified that
this had no detectable effect on Vte in CTAL segments. ductance and/or a KCl cotransporter. To distinguish whe-
ther basolateral K exit proceeds mainly via the basolat-R-()-DIOA [(dihydroindenyl)oxy] alkanoic acid] was
made up as a 101 mol/L stock solution in absolute etha- eral K conductance or a KCl cotransporter, we tested
substances or experimental conditions supposed to inter-nol. The substance was prepared daily and we verified
that a concentration of absolute ethanol of 1 mL/L had fere directly or indirectly with the two basolateral K exit
steps. Furthermore, three inhibitors of the KCl cotrans-no detectable effect on Vte in CTAL segments. The K/
H exchanger nigericin was prepared as a 102 mol/L porter, DIOA, furosemide and H74 were tested [34, 35].
Effect of basolateral amiloride on intracellular pH. Asstock in ethanol and diluted into calibration solutions to
a final concentration of 105 mol/L. The pH-sensitive shown by the tracing in Figure 2, the addition of 103 mol/L
amiloride to the bath solution reversibly decreased thedye 2,7-biscarboxyethyl-5(6)-carboxyfluorescein aceto-
Di Stefano et al: Expression of KCC1 in CTAL and MTAL1814
Fig. 1. Detection of KCC1 mRNAs by RT-PCR in isolated perfused mouse thick ascending limbs [cortical (CTAL), medullary (MTAL)] and
kidney preparation. Total RNAs were extracted from pools of microdissected CTALs and MTALs and the entire kidney. Aliquots, corresponding
to RNAs originating from 1 or 2 mm of tubule or 1 g of total kidney, were submitted to RT-PCR (27 cycles). Ten microliters of the RT-PCR
reaction were loaded on a 2% agarose gel and the DNA fragments were stained with ethidium bromide. The assay was carried out in the absence
(RT) or presence (RT) of reverse transcriptase. Blank, reaction was performed without RNA. The right lane shows the molecular weight
marker pBR322 DNA-Msp I Digest. For KCC1, a single fragment of 517 bp was amplified in the kidney, the CTAL and the MTAL segments.
fluorescence ratio 488/438 (R) measured in an isolated 1.4 mV (N  8) in isolated perfused CTALs. This effect
was reversible when amiloride was removed from theperfused CTAL, thus reflecting a decrease in pHi. In
twelve CTAL segments, R significantly decreased with bath (Vte, 20.5  1.1 mV). The simultaneously mea-
sured Rte was significantly increased in the presence ofamiloride from 1.15  0.02 to 0.76  0.05, and returned
to an R-value of 1.03 0.03 after withdrawal of amiloride amiloride (control, 21.4  1.8 cm2; amiloride, 25.2 
2.5 cm2; recovery, 22.8  2.2 cm2). Addition of Ba2from the bath. This corresponded to a decrease in pHi
from 7.06  0.03 to 6.50  0.07 pH units and a recovery (3 mmol/L) to the bath also significantly reduced Vte
from 20.3 1.0 to 17.8  1.3 mV (N 9). This effectto 6.89  0.04 pH units. The two small decreases in R
prior to amiloride application were due to a withdrawal was reversible when Ba2 was removed from the bath
(Vte, 20.8  1.1 mV). Simultaneously measured Rteand re-addition of calcium to the bath solution. This, how-
ever, did not affect the amplitude of the observed amilor- was not significantly modified in the presence of Ba2
(control, 23.1  1.8 cm2; Ba2, 21.7  1.4 cm2; recov-ide effect, since similar amiloride effects on pHi also were
observed when no changes in the bath calcium concentra- ery, 22.0  2.1 cm2).
Effect of Ba2, amiloride and other inhibitors on trans-tion were performed prior to amiloride application.
Effect of amiloride and Ba2 on Vte and Rte. Amiloride epithelial Na, Cl and K net fluxes. The effect of
Ba2 on transepithelial ion net fluxes was tested fromadded to the bath at a concentration of 103 mol/L sig-
nificantly reduced Vte from 21.0  1.2 to 13.6  the basolateral cell side at the concentration of 3 and
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of time during the flux experiments, so the pHi may
have varied during the time of application of amiloride.
However, PDte was stable and well reversible following
amiloride removal, which is indicative of a well-defined
and stable inhibitory effect of amiloride. As observed
for Ba2, amiloride induced a significant K net secretion
towards the tubular lumen. Albeit Ba2 had a stronger
effect on K secretion than amiloride, the combined
effects of amiloride and Ba2 on JK were not additive.
Figure 3 panels C and D show the effect of basolateral
Ba2 (3 mmol/L) and amiloride (103 mol/L) on transepi-
thelial Cl net fluxes (JCl). Both substances strongly in-
hibited Cl reabsorption in the isolated perfused CTAL.
A similar effect was observed on transepithelial Na net
fluxes (JNa). In the presence of Ba2, JNa was reversibly
reduced from 213 27 to 131 22 pmol/min · mm (N
3), whereas in the presence of amiloride JNa reversibly
fell from 239  25 to 142  11 pmol/min · mm (N  9).
To answer the question of whether the K secretion
observed upon an addition of amiloride and Ba2 to the
bath was the consequence of a reduced NaCl reabsorp-
tion, or whether it was a primary event due to a direct
inhibitory effect of Ba2 and amiloride on KCC, two
known inhibitors of NaCl reabsorption in the TAL, diphe-
nylamine-2-carboxylate (DPC) and ouabain, were tested.
DPC (104 mol/L), a blocker of epithelial Cl channels
and ouabain (5  104 mol/L), a well-known inhibitor
of (Na-K)-ATPase, were tested on JNa, JCl and JK. Both
substances added to the bath strongly but reversibly in-
Fig. 2. Original fluorescence tracing showing the effect of amiloride hibited transepithelial NaCl reabsorption in the CTAL(1 mmol/L, bath) on the fluorescence ratio (R) 488/436 in an isolated
without, however, affecting K transfer. In the presenceperfused mouse cortical thick ascending limb (CTAL) segment. The
decrease in R from 1.24 to 0.90 reflects a decrease in pHi from 7.17 to of DPC, JNa was reversibly reduced from 152  17 to
6.65 pH units. The two small decreases in R prior to amiloride applica- 64  13 pmol/min · mm (N  5) and JCl reversibly felltion were due to a withdrawal and readdition of calcium to the bath
from 153  17 to 63  11 pmol/min · mm (N  5). JKsolution.
under control conditions was not significantly different
from zero (–3.4  1.4 pmol/min · mm, N  5) and no
change in K transport was observed with DPC (2.7
10 mmol/L. Figure 3A shows the effect of basolateral 0.7 pmol/min · mm). In the presence of ouabain, JNa
Ba2 (3 mmol/L) on transepithelial K net fluxes mea- reversibly fell from 190  34 to 41  8 pmol/min · mm
sured in isolated perfused CTALs. Addition of Ba2 to (N  4) and JCl fell from 193  35 to 45  8 pmol/
the bath induced a significant K net secretion towards min · mm (N  4). JK under control conditions was not
the tubular lumen. This K secretion was cancelled by significantly different from zero (–8.2  3.2 pmol/min ·
furosemide (104 mol/L, lumen), an inhibitor of the apical mm, N 4) and no increase in K secretion was observed
Na2ClK cotransporter. This suggests that transepithelial with ouabain (0.7  0.3 pmol/min · mm). Furosemide,
active NaCl reabsorption is a prerequisite for the translo- another known inhibitor of NaCl reabsorption in the
cation of K from the basolateral to the apical cell mem- TAL, also was ineffective in producing K secretion
brane. As observed for 3 mmol/L Ba2, a significant (Fig. 3A). These results suggest that inhibition of NaCl
K net secretion was induced by 10 mmol/L Ba2. JK reabsorption in the TAL is not the primary event in-
reversibly fell from 2.01  0.11 to –17.63  2.9 pmol/ volved in K secretion in the TAL.
min · mm (N  3). To provide further evidence that the basolateral KCl
Figure 3B shows the effect of basolateral amiloride cotransporter and not the basolateral K conductance
(103 mol/L), added either alone or simultaneously with is most likely involved in the Ba2-induced K secretion,
3 mmol/L Ba2 to the bath. When compared to the fluo- we looked for the effect of Ba2 on K net secretion
rescence experiment displayed in Figure 2, it should be induced by high bath K concentrations. Figure 4 shows
the effect of increasing the luminal or basolateral Kemphasized that amiloride was left on for a longer period
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Fig. 3. Effects of Ba2 (3 mmol/L, bath) and amiloride (1 mmol/L, bath) on transepithelial K and Cl net fluxes (JK, JCl) measured in isolated
perfused mouse CTAL segments. (A) Ba2 was tested in the bath (B) in the absence (C, control) or presence of furosemide (FUR, 104 mol/L;
L, lumen). Note that the Ba2-induced K secretion was almost abolished in the presence of apical FUR. (B) Effects of amiloride (Amil) and
Amil  Ba2 on JK. The effects of amiloride and Ba2 on JK were not additive. N  5. (C and D) Effects of basolateral Ba2 and amiloride on
transepithelial Cl net fluxes (JCl; N  3 and 9, respectively). *Significantly different from the preceding period; C, control; R, recovery, N is the
number of tubules.
concentration from 3.6 to 25 mmol/L on transepithelial Ba2 partially blocked the K movement, induced either
by the lumen-to-bath or bath-to-lumen directed K con-K net transport in the CTAL. The large K secretion
towards the tubular lumen induced by the increase in centration gradient (Fig. 4B).
Effect of inhibitors of the KCl cotransporter on transep-bath K concentration from 3.6 to 25 mmol/L was not
modified by the simultaneous addition of 3 mmol/L Ba2 ithelial K net fluxes in isolated perfused CTAL seg-
ments. In erythrocytes and recombinant systems it hasto the bath (Fig. 4A). However, in the permanent pres-
ence of luminal furosemide (104 mol/L), basolateral been shown that DIOA, H74 and high concentrations of
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Na net fluxes fell rapidly, to reach after 10 to 15 minutes
values not distinguishable from zero. Rte was drastically
reduced. These effects were irreversible and the tubules
appeared morphologically damaged under microscopic
observation. In an attempt to circumvent the cytotoxic
effects of DIOA and H74, these substances were tested
at a lower concentration, namely 105 mol/L for DIOA
and 5  105 mol/L for H74. At 105 mol/L, DIOA
reduced Vte from 20.6  1.6 to 6.6  0.5 mV (N 
5), JNa fell from 147  10 to 52  7 pmol/min · mm
(N  4) and JK remained unchanged (JK under control
conditions, 1.72 0.21 pmol/min · mm; JK in the presence
of DIOA, 1.90  0.11 pmol/min · mm; N  5). For Vte
and JNa a recovery of 80% was obtained after removal
of the drug from the bath. At 5  105 mol/L, H74
reduced Vte from 18.7  0.3 to 9.0  2.3 mV (N 
3), JNa fell from 148 2 to 57 9 pmol/min · mm (N 3)
and JK remained unchanged (JK under control conditions,
2.69  0.9 pmol/min · mm; JK in the presence of H74,
2.84  0.4 pmol/min · mm; N  3). As observed for
DIOA, the effects of H74 were partially reversible (re-
covery 70%). At 105 mol/L, H74 had only a very moder-
ate effect on Vte and JNa (10% inhibition) and no effect
on JK.
The basolateral application of 103 mol/L furosemide
also induced an important decrease in NaCl reabsorption
and Vte in the isolated perfused CTAL. Vte fell from
18.5  1.9 to 4.5  0.8 mV (N  3). This effect was
reversible after removal of the drug from the bath and Vte
returned to18.2 2.6 mV. JNa dropped with furosemide
from 179  10 to 55  5 pmol/min · mm (N  3). This
effect was reversible after removal of the drug from the
bath and JNa returned to 167  9 pmol/min · mm. With
respect to JK, no effect was observed (JK under control
conditions, 1.33  0.5 pmol/min · mm, N  3; JK in the
presence of furosemide, 1.52  0.5 pmol/min · mm).
Fig. 4. Effect of a lumen-to-bath or bath-to-lumen directed chemical
KCl concentration gradient on transepithelial K net fluxes (JK) in Regulation of the KCl cotransporter by dietaryisolated perfused mouse CTAL segments in the absence or presence
of basolateral Ba2 (3 mmol/L). (A) Bath K concentration was in- Mg 2 restriction
creased from 3.6 to 25 mmol/L (). Then Ba2 was added to the bath
Effect of a low-Mg2 diet on plasma and urinary K con-( ). In the recovery phase (), Ba2 was removed from the bath. JK
measurements under the different experimental conditions were per- centrations. Mg2 deficiency has been shown to regulate
formed in a paired fashion on the same tubule. (B) Effect of basolateral the activity of the KCl cotransporter in erythrocytes [17].
Ba2 on the JK of isolated perfused mouse CTAL segments in the We asked whether the Mg2-deficient diet had any im-permanent presence of luminal (L) furosemide (FUR). JK was induced
by a lumen-to-bath directed K concentration gradient (; lumen 25 pact on K homeostasis and whether the expression and
mmol/L KCl; bath 3.6 mmol/L KCl) or by a bath-to-lumen directed K function of the KCC1 was altered in the TAL.
concentration gradient (; lumen 3.6 mmol/L KCl; bath 25 mmol/L
Figure 5 shows plasma K concentrations (Fig. 5A)KCl). The Ba2 effects ( ) were compared with control data (),
obtained in a paired fashion on the same tubule. *Significantly different and relative urinary K excretions, expressed as the ratio
from the preceeding period; N is the number of tubules. of mmol K/mmol creatinine (Fig. 5B) of control mice
and mice submitted to a low-Mg2 diet. After one day
of a low-Mg2 diet, a significant fall in plasma K concen-
tration and relative urinary K excretion was alreadyfurosemide (103 mol/L) inhibit the KCl cotransporter
[21, 22, 34, 35]. DIOA and H74 were first tested at observed. This effect was maximal after two days on the
diet and persisted throughout the diet. This simultaneous104 mol/L since this concentration maximally inhibits
the KCl cotransporter in erythrocytes and/or injected fall in K concentration in the urine and plasma suggests
that during a low-Mg2 diet a significant amount of Koocytes. At this concentration, Vte and transepithelial
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Fig. 5. Effect of a low-Mg2 diet on plasma
K concentration, relative urinary K excre-
tion and transepithelial K net fluxes in iso-
lated perfused mouse CTAL segments. (A and
B) Eight-week-old mice were fed for 1, 2, 3
or 4 days with a low-Mg2 diet. Plasma K
concentrations and relative urinary K excre-
tions were compared with those of mice of
the same age and fed with a normal diet (C,
control). (C) JK was measured in isolated per-
fused CTALs from control mice and in
CTALs from mice subjected to a low-Mg2
diet. Note that a low-Mg2 diet significantly
enhanced transepithelial K net transport in
the TAL. *Significantly different from control.
N is the number of animals (in vivo data) or
tubules (in vitro data).
is dissipated either into a cellular compartment or in the reabsorption in the TAL. We therefore investigated
whether these phenomena correlated with an increasefeces, due to an impaired K absorption in the gastro-
intestinal tract. in the KCC1 mRNA level. Figure 6 shows the effect of
a low-Mg2 diet (4 days) on KCC1 expression in theEffect of a low-Mg 2 diet on transepithelial K reab-
sorption in isolated perfused CTALs. In isolated per- CTAL of 8-week-old mice. KCC1 was coamplified in
the same tube with the messenger of Zonula Occludensfused CTALs from animals submitted to one day of a
low-Mg2 diet, no significant modification of K trans- (ZO-1), a tight junction-associated protein. The relative
co-amplification of KCC1 with respect to ZO-1, takenport was measured. In CTALs of control mice, the K
net flux (JK) was –3.11  1.71 pmol/min · mm (N  8). as the internal standard, indicated a variation of KCC1
in the cell. It is apparent that a low-Mg2 diet had inducedIn tubules from Mg2-depleted mice JK was –4.08  2.78
pmol/min · mm (N  4). However, a significant increase an up-regulation of KCC1 at the mRNA level, since the
ratio of KCC1 over ZO-1 had increased 1.5 times (ratioin transepithelial K transport was measured after two
days of the low-Mg2 diet (Fig. 5C). In CTALs of control increase, 48%; mean value of 3 autoradiographies, com-
parison of mRNA expression of 3 control animals vs. 3mice, Jk was not significantly different from zero (–4.25
2.81 pmol/min · mm, N  11) and significantly increased animals put on a low-Mg2 diet).
To answer the question of whether the increase into 4.0  1.29 pmol/min · mm (N  6) in tubules from
Mg2-depleted mice. KCC1 mRNA was restricted to a specific protein or
whether a low-Mg2 diet also could modify the expres-Effect of a low-Mg 2 diet on KCC1 expression in the
mouse CTAL. It was obvious from the data obtained in sion of mRNA of other proteins, we quantified the
mRNA level of NKCC2 with respect to ZO-1, taken asvivo and in vitro on isolated perfused CTALs that a low-
Mg2 diet had induced in vivo hypokalemia and hypokal- the internal standard. Our results show that a low Mg2
diet had decreased the ratio of NKCC2 over ZO-1 byiuria, with a subsequent increase in transepithelial K
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Fig. 6. Effect of a low-Mg2 diet (4 days) on
KCC1 mRNA expression in the mouse CTAL.
Aliquots corresponding to 1 mm of tubule were
submitted to semi-quantitative RT-PCR (27 cy-
cles in the presence of [	32P]dCTP). KCC1
mRNA was co-amplified in the same tube with
the mRNA of Zonula occludens (ZO-1), a
tight junction-associated protein used as inter-
nal standard. KCC1 and ZO-1 mRNAs were
also amplified separately. For ZO-1, two frag-
ments of 704 and 464 bp were amplified. For
KCC1, a single fragment of 517 bp was ampli-
fied. Note that in the TAL, a low-Mg2 diet
had up-regulated KCC1 mRNA with respect
to control mice.
17% (mean value of 3 autoradiographies, comparison of suggesting the presence of a KCl cotransporter in the
thick ascending limb of Henle’s loop [9, 19, 37].mRNA expression of 3 control animals vs. 3 animals
From a physiological point of view the KCl cotrans-put on a low-Mg2 diet). This ratio decrease could be
porter has at least two main functions. In the brain whereattributed to an increase in ZO-1 mRNA expression,
the isoform KCC2 is present, besides the widely ex-whereas the expression of NKCC2 mRNA remained un-
pressed KCC1 [38], this cotransporter has been describedchanged.
as maintaining a low intracellular Cl activity. In erythro-
cytes, absorptive and secretory epithelia, where the
DISCUSSION KCC1 isoform has been described, the KCl cotransporter
The present study was undertaken to identify the pres- has been shown to play a key role in volume regulation
ence of the KCl cotransporter mRNA (KCC1) in the [10, 39]. In these tissues, the role of the KCl cotransporter
mouse TAL and to study the functional implication of in salt absorption was not established. The results of the
the KCl cotransporter in salt transport in the TAL. The present study are consistent with an involvement of the
results showed that (1) the KCl cotransporter KCC1 is KCl cotransporter in transepithelial K reabsorption in
expressed at the messenger level in CTAL and MTAL the TAL of the mouse nephron and suggest that inhibi-
segments of the mouse kidney; (2) there is a direct corre- tion of this transporter provokes K secretion towards
lation between enhanced transepithelial K reabsorp- the tubular lumen. Furthermore, inhibition of the KCl
tion and KCC1 overexpression in the CTAL; (3) inhibi- cotransporter secondarily leads to reduction in active
tion of K exit through the basolateral membrane results NaCl reabsorption in this nephron segment. However,
in increased transepithelial K secretion towards the the observed K secretion is not directly proportional
tubular lumen and a 50% decrease in transepithelial to the reduction in transepithelial NaCl reabsorption,
NaCl reabsorption in the TAL; and (4) inhibition of since direct inhibition of NaCl reabsorption by inhibitors
K exit through the basolateral membrane is mainly directly interfering with membrane proteins primarily
consistent with an inhibition of a basolateral KCl co- involved in NaCl reabsorption, such as the basolateral
transporter. (Na-K)-ATPase, the chloride conductance or the apical
The presence of KCC1 transcripts previously has been Na2ClK cotransporter, was unable to induce a strong
shown by in situ hybridization in the human kidney, K secretion (present results) [37]. This observation was
using a non-radioactive, digoxigenin-labeled antisense in fact expected from the TAL cell model [9], which
riboprobe [36]. KCC1 mRNA expression was found to be predicts that reduction in NaCl reabsorption impairs api-
present throughout the distal and proximal renal tubular cal and basolateral K recycling and thus K availability,
epithelium. The transporter also was expressed in glo- due to a reduced activity of the apical Na2ClK cotrans-
merular mesangial cells. Our results obtained by RT- porter and the basolateral (Na-K)-ATPase. Therefore,
PCR, using primers from the mouse erythroid cDNA only a direct and primary inhibition of basolatetral K
sequence, extend the renal distribution of KCC1 tran- exit impairing K recycling through the basolateral
scripts to the CTAL and MTAL segments. These results membrane is able to induce significant K net secretion.
This is probably the reason why known inhibitors of thestrengthen conclusions drawn from functional studies,
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KCl cotransporter in erythrocytes or injected oocytes to produce a bell-shaped activation of the KCl cotrans-
porter with a maximal K flux at around pH 7.[21, 22, 34, 35], that is, furosemide, DIOA or H74, failed
to induce a significant K secretion in the perfused TAL. Barium, another inhibitor used in the present study,
has three potential sites of action at the basolateral mem-As already suggested for DPC, apical furosemide or ou-
bain, the strong inhibitory effect of DIOA, H74 and brane of the TAL: the K conductance, the KCl cotrans-
porter [9, 11, 23, 31] and the basolateral calcium-sensingbasolateral furosemide on NaCl reabsorption will limit
K availability in freshly dissected TALs, so that a possi- receptor (CaR) [43]. The basolateral K conductance
and the CaR as potential sites of action can be excluded able K secretion towards the tubular lumen, induced by
inhibition of the KCl cotransporter, could have been priori, since we have recently reported that extracellular
Ba2 does not block the basolateral K conductance inmasked. Furthermore, at high concentrations DIOA and
H74 were highly cytotoxic. Only when the substances the TAL [19] and that stimulation of the CaR by high
extracellular Ca2 concentrations, which maximally stim-were applied for a short period of time (2 to 3 minutes)
were the inhibitory effects reversible. Lowering the con- ulate the CaR and lead to an increase in the intracellular
Ca2 activity, does not produce K secretion via activa-centrations of DIOA and H74 reduced their cytotoxicity,
but in parallel diminished their inhibitory effect on NaCl tion of Ca2-sensitive K channels [44]. Furthermore,
the present study revealed that Ba2 did not modify thereabsorption and most likely also on KCC. Thus, an
effect of DIOA and H74 on KCC-mediated K secretion transepithelial resistance, an observation that is also in
favor of a Ba2-induced inhibition of the KCl cotrans-in the TAL could not be revealed in perfused tubules.
At variance with DIOA and H74, furosemide at 103 porter. Consequently the Ba2 effect observed in the
present study should more likely be attributed to anmol/L had no cytotoxic effect on the CTAL. No morpho-
logical damage of the tubules was observed. These find- inhibition of the basolateral KCl cotransporter. This in-
terpretation is strenghtened by the recent observationings suggest that the irreversible effects of DIOA and
H74 at 104 mol/L on Vte and JNa were not attributable of Mercado et al [23], showing that in injected oocytes
Ba2 (10 mmol/L) inhibited two isoforms of the KClto the inhibition of a specific membrane transporter but
rather to a cytotoxic, time-dependent effect of these sub- cotransporter, KCC1 and KCC4.
From the diversity of action of amiloride and Ba2stances. For basolateral furosemide, the mode of action
at high concentrations is supposed to be different, since on Vte, Rte and JNaCl one might anticipate that the two
compounds did not entirely act via the same cellularthe tubules were not morphologically damaged and the
observed effects were reversible. Nevertheless, a strong mechanisms. In fact, amiloride, by inhibition of the baso-
lateral NHE-1 exchanger, leads to cell acidification (Re-inhibitory effect of furosemide at high concentrations
also will limit K availability, so that a specific effect of sults section) [41]. The resting pHi in isolated perfused
CTALs was around 7.0 in our study and fell by aboutfurosemide on KCC could have been masked.
Two mechanisms may be involved a priori in the ob- 0.5 pH units upon addition of amiloride to the bath. pHi
values 
7 are below the pK value for pH activation ofserved K secretion in the TAL: inhibition of the basolat-
eral K conductance or inhibition of a basolateral KCl the KCl cotransporter [17]. Therefore, it is very likely
that amiloride, via cell acidification, indirectly had inhib-cotransporter. Our results obtained with amiloride, Ba2
or increased basolateral KCl concentrations suggest that ited the KCl cotransporter in the TAL. Furthermore,
cell acidification is supposed to not only inhibit the KClthe main component involved in the observed K net
secretion in the TAL should be a KCl cotransporter. cotransporter, but also block other transport proteins,
such as the basolateral Cl conductance [45] or theAmiloride per se is supposed not to directly inhibit the
KCl cotransporter [38]. The observed inhibitory effect Na2ClK cotransporter [34]. In fact, with amiloride Rte
increased as expected when NaCl reabsorption was re-of amiloride on transepithelial K reabsorption in the
TAL should be mediated by cell acidification via inhibi- duced, supporting the idea that through cell acidification
amiloride also inhibits the activity of membrane proteinstion of the basolateral NHE-1 exchanger, which func-
tionally has been shown to be present in the basolateral (Na2ClK, Cl conductance) that are involved in NaCl
reabsorption.membrane of the TAL [40]. Indeed, application of baso-
lateral amiloride was shown to inhibit the basolateral It is a unique observation that Ba2, although it re-
duced NaCl reabsorption, it did not change Rte and thatNa/H exchanger in the MTAL, thus leading to cell acidi-
fication (present study) [41]. In fact, in sheep erythro- it had only a small inhibitory effect on Vte. With all of
the other inhibitors tested so far (NPPB, DPC, luminalcytes cell acidification has consistently been shown to
modulate the activity of the KCl cotransporter with a furosemide, torasemide, ouabain or luminal Ba2) as well
as the ones tested in the present study (DIOA, H74,maximal K flux around pH 6.8 to 7.0 [17, 18]. In rabbit
erythrocytes, experiments of Jennings suggested a simi- basolateral furosemide or amiloride), reduction in NaCl
reabsorption was always accompanied by a quantitativelar behaviour of KCC with respect to its pH-dependance
[42]. Thus, cell acidification to pH values
7.4 was shown and comparable fall in the equivalent short-circuit cur-
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rent (reduction in Vte, increase in Rte). The results ob- sufficiently open to allow back diffusion of K into the
tubular lumen. This seems probable, since pH variationstained with Ba2 can be explained by a Ba2-induced
simultaneous increase in basolateral chloride and apical of 0.2 units produce variations of about 15% in the open
probability of the ROMK-2 channel, so that a significantpotassium conductances due to an increase in the apical
K and basolateral Cl current after inhibition of the K current at a pH of 6.6 may still occur.
To provide further evidence that the basolateral KClKCl cotransporter. Indeed, for the rabbit proximal con-
voluted tubule where a KCl cotransporter is present in cotransporter rather than the basolateral K conduc-
tance is most likely involved in the Ba2-induced Kthe basolateral membrane, it has been reported that in-
creasing the bath K concentration, which inhibits KCC, secretion, we looked for the effect of Ba2 on K net
secretion induced by high-bath K concentrations. Anled to an increase in intracellular Cl activity [46]. Conse-
quently, the increase in intracellular Cl activity should increase in bath K concentration is expected to reduce
basolateral K recycling via depolarization of the baso-be responsible for an increase in the basolateral Cl
conductance. The inhibition of basolateral K exit will lateral membrane, leading to increased cellular K secre-
tion via the apical membrane. Supposing that, in additiondrive K towards the luminal membrane, leading to an
increased apical K conductance. Therefore, the in- to the paracellular pathway Ba2 had blocked the baso-
lateral K conductance, initially increased by the highcreased K and Cl conductances will maintain the po-
tential of the apical membrane hyperpolarized and the bath K concentration, then a reduction in K net secre-
tion, induced by the high-bath K concentrations, shouldpotential of the basolateral membrane depolarized with
respect to each other. This reasoning can explain why have been observed in the presence of Ba2. However,
this was not the case. The non-additive effects of Ba2after basolateral administration of Ba2 Vte was only
slightly modified and Rte remained unchanged despite and high bath K concentrations on K net secretion,
displayed in Figure 4A, may be interpreted as the resultthe fall in NaCl reabsorption. This fall in NaCl reabsorp-
tion easily may be explained by the increased intracellu- of a 30% reduction by Ba2 of the paracellular K net
flux (Fig. 4B) and an increase in cellular K secretion.lar Cl activity, leading to a diminished driving force for
the apical Na2ClK cotransporter. Therefore, in the presence of a high-bath K concentra-
tion, Ba2 still is able to increase cellular K net secre-Despite a smaller effect on K secretion, amiloride had
a similar inhibitory effect on NaCl reabsorption when tion, which is incompatible with an inhibitory effect of
Ba2 on the basolateral K conductance.compared to Ba2. This smaller effect of amiloride on JK
can be interpreted either as a reduction in K availability Various mutations of the genes coding for the proteins
NaCl (TSC), Na2ClK (BSC1), CI channel (ClCNKB)following inhibition of NaCl reabsorption by amiloride
through a lowered intracellular pHi or as a partial block- and K channel (RomK1) of the distal nephron have been
shown to be associated with increased NaCl excretionade of the apical K conductance that would have limited
K secretion. Our observation that Ba2 still could in- in the urine [49–51]. Compared with the mutations of
BSC1, ClCNKB or RomK1, however, putative mutationcrease the amiloride-induced K secretion suggests that
the limiting step cannot be the inhibition of the apical K of the KCl cotransporter should lead to a smaller loss
in NaCl but to a greater loss in K by the TAL, andconductance or the reduced K availability. The smaller
effect of amiloride on apical K secretion when com- probably severe hypokalemia should be observed. In-
deed, while inhibition of BSC1, ClCNKB or RomK1pared to Ba2 more likely should be attributed to a lower
effectiveness of amiloride to inhibit the KCl cotrans- proteins only results in inhibition of reabsorptive K net
fluxes along the TAL down to zero [52], inhibition ofporter.
Our observation that K secretion (that is, K trans- the basolateral K exit, most likely via inhibition of KCl
cotransport, clearly induces a large net K secretion to-port through the apical membrane) still occurred in the
presence of amiloride was intriguing, since ROMK-2 wards the tubular lumen. Consequently, major renal K
wasting is expected from the inhibition of KCl transportchannels, which are localized in the apical membrane of
the TAL [47] and believed to be involved in apical K in the TAL. Conversely, overexpression of the KCl co-
transporter in the TAL should lead to an increased renaltransfer, have been reported to be inhibited by cell acidi-
fication [48]. Two explanations are proposed. First, the K reabsorption. The low-Mg2 diet may directly exert
this effect by activating the KCl cotransporter as shownamiloride-induced cell acidification is compartmental-
ized and limited to the basolateral membrane. In this for erythrocytes [17] or indirectly by lowering plasma
K concentration. The observation that K reabsorptionrespect, acidification should not only inhibit the KCl
cotransporter, but at least also the basolateral Cl or in the CTAL is not modified after one day of low-Mg2
diet, but that it is constitutively increased after two daysK conductances in order to explain the increase in Rte
observed in this study. Second, despite the decrease in is consistent with an up-regulation of the KCC trans-
porter at the mRNA level and renders its regulation byROMK-2 conductance by cellular acidification reported
in the literature, the apical K conductance may remain phosphorylation/dephosphorylation processes very un-
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